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Possibility of magnetic field induced Composite Fermi sea in neutral Graphene
G. Baskaran
Institute of Mathematical Sciences, C.I.T. Campus, Chennai 600 113, India
Neutral graphene in strong magnetic fields is believed to be an (exchange stabilized) integer
Hall state of completely filled up spin (say) and empty down spin bands of n = 0, two fold valley
degenerate Landau levels. We suggest that correlation energy gain from a nearly SU(4) singlet (2
spin × 2 valley) composite fermi sea formation, at ν ≈ 1
2
filling for each component, destabilizes
ferromagnetic integer quantum Hall state. This radically different scenario is consistent with a
dissipative gapless state seen in experiments in neutral graphene. Interesting paired Hall states are
possible, from residual interactions, in this SU(4) fermi sea with a small Zeeman spin polarization.
A flurry of theoretical and experimental activities in
graphene has followed discovery of a successful way[1] to
cleave atomically thin graphene layers, make electrical
contacts and perform measurements. The efforts have
been rewarding, as graphene exhibits some surprising
electrical properties, in addition to some unusual quan-
tum Hall behavior[2, 3, 4, 5, 6]. Many of these works
focus on the behavior of charged graphene, controlled by
external gates. However, we lack a deeper understanding
of the normal state of neutral graphene in the presence
of strong magnetic field, even before we charge it.
Recent experimental[5, 6] and theoretical[9, 10] works
suggest a ferromagnetic integer Hall state at n = 0, where
an exchange (and to a lesser extent Zeeman) split two
(valley) degenerate levels are completely filled (say) with
upspin electrons (fig 1A). There is a puzzle however:
even though experiments see a weak Hall plateau be-
yond about 20 T, diagonal resistance ρxx is very high
and metal like, instead of being zero. It seem to indi-
cate presence of a gapless dissipative state. We propose
a resolution to the puzzle (fig 1B) by suggesting a com-
posite fermi sea normal state for neutral graphene. Our
proposal, if confirmed, has important consequences, as
composite fermi seas are one of the strangest form of
quantum matter. For example, composite fermi seas are
seats of paired Hall states and non Abelian quasi par-
ticles. Non Abelian quasi particles are currently being
vigorously studied in the context of topological quantum
computation[7].
There are many theoretical studies in graphene in the
presence of strong external magnetic and electric fields,
dealing with both integer and fractional quantum Hall
states[8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. A
recent experimental study [5] probes nature of low tem-
perature state of the neutral graphene in magnetic fields
upto 45 T. Development of a weak Hall plateau at n =
0 is attributed to a ferromagnetic integer quantum Hall
state (fig 1A). However, they find an unexpected, dissi-
pative normal state in neutral graphene. Another work
confirms this[6] and also suggests that the dissipative nor-
mal state is intrinsic and not a consequence of disorder.
Thus a puzzle is the appearance of a very weak quantum
Hall plateau and a contrasting (compressible, gapless)
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FIG. 1: A) Exchange and Zeeman split n = 0 two valley
degenerate Landau levels and completely filled upspin bands.
B) Our proposal of an approximate SU(4) singlet (2 spin ×
2 valley) composite fermi sea, at a filling ν ≈ 1
2
for each
component. A small spin polarization (kF↑ 6= kF↓) arising
from Zeeman field is shown.
metallic and high resistive state; longitudinal resistance
is finite and large, ρxx >
e2
h
. This work attributes the
dissipative state to certain anomalous behaviour of edge
states, arising from a theoretically predicted ‘spin gap’
behaviour[9]. Other, general theoretical study of frac-
tional quantum Hall states in graphene, [21, 22] discuss
spin polarized composite fermi sea, but do not address
the important experimentally motivated case being dis-
cussed in the present paper.
The aim of the present paper is to suggest a rather
different scenario, that is inspired by the aforementioned
experimental results (see however, the note [23]) on neu-
tral graphene. We suggest that instead of the expected
fully spin polarized integer quantum Hall state at n =
0, we have a SU(4) singlet (2 spin × 2 valley) compos-
ite fermi liquid, with each species at ν ≈ 12 filling. We
present physical arguments for emergence of a compos-
ite fermi sea and a very rough estimate of energy of a
variational composite fermi sea wave function.
2At the heart of our proposal are the following key phys-
ical arguments: a) Two (valley) n = 0 completely filled
bands with parallel spins, lack inter band dynamical scat-
tering because of complete Pauli blocking. (We ignore
high energy n 6= 0 Landau levels). Consequently two
electrons from different valleys with parallel spins do not
have a correlation hole; to that extent coulomb repulsion
energy is not minimised. Further, the overlap charges of
two single particle states p and q, at any lattice site R,
ψ∗n=0p,τ (R)ψ
n=0
q,µ (R) = 0 for n = 0 Landau level states of
different valleys τ and µ in graphene. Thus there is no
exchange energy between any two parallel spins belonging
to different valleys !
b) Our composite fermi sea, a global SU(4) singlet (2
spin × 2 valley), on the other hand, is more efficient in
building coulomb hole between electrons belonging to dif-
ferent valleys and also different spins (because of the half
filled band character and less Pauli blocking), through
two body scattering. The process of building correla-
tion hole and avoiding coulomb repulsion will introduce
short range SU(4) singlet correlation in the composite
fermi sea. To this extent our proposal is somewhat simi-
lar to generic stability of spin liquid or antiferromagnetic
state, compared to ferromagnetic state in half filled band
of strongly correlated electrons.
Further, for graphene, correlation and exchange ener-
gies are both comparable in magnitude and ∼ e2
ǫ0ℓB
≈
130
√
BK (B measured in Tesla); Zeeman energy is neg-
ligible for B ∼ 30 T. In order to get a good ground state
both correlation and exchange energies need to be con-
sidered.
We focuss on the n = 0 Landau level of our neu-
tral graphene and assume that the lattice parameter of
graphene ‘a’ is small compared to the magnetic lengthℓB;
i.e. a
ℓB
<< 1. Appropriately normalized lattice coor-
dinates of an electron are complex numbers zστ , where
σ =↑, ↓ and τ = ± are the spin and valley indeces.
We will make a brief remark about Jain’s composite
fermion[24, 25, 26] approach. In 2D quantum Hall prob-
lems, external magnetic fields generate quantized vor-
tices. Stable many body states are formed, when there
is a commensurate relation between total number of vor-
tices and total number of electrons. In most of the sta-
ble quantum Hall states an electron gets ‘bound’ (asso-
ciated) to a finite number of vortices (flux quanta) to
become a quasi particle, in terms of which the complex
many body problem becomes essentially non-interacting.
When number of bound vortices are even, statistics of
the composite object remains a fermion. They are the
composite fermions. As these composites have already
absorbed the effect of external magnetic field they see an
effective magnetic field B∗ < B, the externally applied
field. At the end of some hierarchies (eg. p→∞, p2p+1
= 12 ), the effective magnetic field seen by a compos-
ite fermion vanishes, leading to a compressible compos-
ite fermi liquid state. Composite fermion formation is a
profound modification of the bare constituent electron.
It also truns out to be an efficient way to build correla-
tion/exchange holes and avoid coulomb repulsion.
Now we will estimate and compare energies of spin
polarized (upspin) completely filled n = 0 Landau levels
of 2 valleys Ψ↑↑G , with our proposed composite fermi sea
state, ΨFSG . The explicit form of the spin polarized state
is
Ψ↑↑G [z] =
∏
i<j,τ
(zi↑τ − zj↑τ )e−
∑
iτ
|zi↑τ |
2
4 (1)
It is a product of two (antisymmetric) Van der Monde
determinant for up spin electrons filling the n = 0 Landau
levels of two vallyes, τ = ±. Here Ne ≡ 2Nφ is the
total number of electrons, and 4Nφ is the total number
of single particle states in n = 0 Landau level, including
spin and orbital degeneracies. And Nφ ≈ A eBhc , where A
is the area of the sample.
In quantum Hall effect kinetic energy is frozen and is
independent of electron-electron interaction. So one fo-
cuses only on two body electrostatic interaction energy.
It is customary to write it as an energy gain with ref-
erence to electrostatic interaction energy of uniformly
smeared electron charges and positve charges of neutral-
izing background. Energy of interaction of an electron
with quantum numbers ↑ τ , with rest of the electrons is
UFM = π
∑
τ ′
∫
e2
ǫ0r
(g↑↑ττ ′(r) − 1)rdr (2)
Here gσσ
′
ττ ′ (r) is the radial distribution function between
two electrons having quantum numbers στ and σ′τ ′. For
large distances g(r) → 1; so there is no energy gain. For
short distances, comparable to ℓB and less, there is a
‘hole’ in g(r) and a consequent energy gain by avoiding
the strong coulomb repulsions. One of the challenges in
quantum Hall effect is to discover the right many body
variation wave functions (built from appropriate single
particle Landau level states) and get the best g(r). The
hole in g(r) in the present ferromagnetic state arises from
antisymmetrization of electrons with parallel spins within
a given valley. It is an exchange rather than correlation
hole.
Within the lowest Landau level approximation g↑↑τ−τ(r)
= 1; that is, there is no hole ! It indicates total absence of
correlations between electrons belonging to two different
valleys. This is a consequence of complete Pauli blocking
of interband two body scattering among two filled bands.
Consequently, short distance coulomb repulsion among
electrons from two different valleys can not be avoided.
Virtual scattering involving high energy n 6= 0 Landau
levels will to some extent modify g↑↑τ−τ (r), which we ignore
as a first approximation.
As mentioned earlier, there is no exchange energy be-
tween two parallel spins belonging to different valleys in
3the n = 0 Landau level, as the overlap charge density
between any two single particle states corresponding to
different valleys are identically zero.
Using Laughlin’s plasma analogy, the expression[27] for
energy per electron is found to be
UFM ≈ π
∫
e2
ǫ0r
(g↑↑ττ(r) − 1)rdr ≈ −0.62
e2
ǫ0ℓB
(3)
We will argue that we can get a lower energy in our
composite fermi sea. The wave function for the composite
fermi sea we are proposing is given by
ΨFSG [z] = PˆLLLe
−
∑
i<jστσ′τ′
f(|riστ−rjσ′τ′ |)
∏
στ
∥∥∥eik·rστ
∥∥∥∏
i<j
(ziστ − zjστ )2e−
∑
i
|ziστ |
2
4 (4)
There are 4 composite fermi sea of electrons, correspond-
ing to two spin and two valley indices. Each composite
fermi sea has a filling fraction ν = 12 containing
Nφ
2 elec-
trons. There is a common fermi momentum for each
fermi sea given by the expression: kF ≡
√
4πρ. Here ρ is
electron density.
We have also introduced a two particle short range Jas-
trow factor through the function f(r) between any two
electrons. This introduces correlation between two elec-
trons having different valley and spin quantum numbers.
Since we have only a half filled Landau level valley ex-
change and spin exchange scattering within n = 0 levels
are not completely Pauli blocked and they build short
distance holes in the respective g(r), reduce the coulomb
repulsion energy.
Our short range Jastrow correlation for electrons with
different quantum numbers is unusual in quantum Hall
situation. Long ranged Laughlin-Jastrow correlation are
normally used, as they also take care of antisymmetry au-
tomatically. To keep a gapless fermi sea and at the same
time maintain half filling in each Landau sub band, short
range Jastrow function seems essential in the present
case. When we attempt to use Laughlin-Jastrow factor,
it either changes the mean density (expands the Laugh-
lin drop significantly) or we seem to get incompressible
states. Since one implements lowest Landau level pro-
jection at the end, in principle our short range Jastrow
factor is allowed. We have no proof that our short range
f(r) maintains the mean density per Landau level to be
half.
In the above variational wave function, the projection
to n = 0 Landau level is done by PˆLLL. This projec-
tor effectively replaces z¯ → ∂z . For example, eik·r =
e
1
2
i(k¯z+kz¯) → e 12 i(k¯z+k∂z¯) and f(rij) ≡
∑
k f˜(k)e
ik·rij →∑
k f˜(k)e
1
2
i(k¯zij+k∂z¯ij ). Here k ≡ kx + iky.
Our composite fermi sea wave function is a global
SU(4) singlet (spin × valley). That is, a plane wave state
is either filled with four electrons with four possible spin
and valley quantum numbers or is completely empty. In
view of this it satisfies Fock’s cyclic boundary condition.
The above SU(4) singlet state is consistent with a two
body interaction which is very nearly SU(4) symmetric
for graphene in the n = 0 Landau level[13].
As before, interaction energy of an electron with quan-
tum numbers στ with rest of the electrons, in the com-
posite fermi state is given by
UCF = π
∑
σ′τ ′
∫
e2
ǫ0r
(gττ
′
σσ′ (r)− 1)rdr (5)
We will estimate the energy of this state in two approx-
imations made on |ΨFSG [z]|2. As the first approximation
we put f(r) = 0. We are left with products of four in-
dependent composite fermi sea, each with a filling ν =
1
2 . The energy of this state has been calculated in the
literature[24, 26] for spin polarized ν = 12 composite fermi
state as
UCF ≈ −0.46 e
2
ǫ0ℓB
(6)
This energy is about 25 percent higher than the ferro-
magnetic integer Hall state (equation 3). We will show
approximately that inclusion of a short range Jastrow
correlation can give more than 25 percent energy gain and
make our composite fermi sea stable. Jastrow factor, by
construction is capable of generating hole in the radial
distribution function gσσ
′
ττ ′ (r). Physically this possibil-
ity arises from possibility of virtual interband scattering
between electrons having different στ quantum numbers
within the n = 0 Landau levels. Fortunately these scat-
tering process are not completely Pauli blocked, because
each Landau sub band is only half filled.
Without making a detailed calculation, we can esti-
mate that a 25 percent improvement of energy is possible,
by the following crude argument. From two particle scat-
tering point of view, we have both direct and exchange
scattering among two electrons with parallel spins. The
corresponding matrix elements are comparable, and de-
cay in a Gaussian fashion for localized gaussian orbitals
separated beyond magnetic length ℓB. For particles with
different quantum numbers the exchange term is absent.
That is, for our interband scattering, exchange scatter-
ing, half of the total processes are absent. Further, the
interband scattering can take place to empty single par-
ticle states which are only half of the total number of
states available (the rest are Pauli blocked). In view of
this we approximate the amount of hole development in
g(r) and the corresponding energy gain to be about 14
= 12 × 12 of energy gain within a given composite fermi
sea. Since a given electron can reduce coulomb energy by
correlating with three other composite fermi sea, the net
energy we gain from the 3 × 14 . Putting these numbers
we get our estimate of our state as:
UCF ≈ −(1 + 3
4
) 0.46
e2
ǫ0ℓB
≈ −0.8 e
2
ǫ0ℓB
(7)
4This energy is lower than that of fully spin polarized
filled Landau level states (equation 3). It is the valley
degeneracy which helps us to get a lower energy for the
composite fermi sea !
We test our simple argument against a known case,
namely stability of the standard n = 1 fully polarized
quantum Hall state (no valley degeneracy) with a spin
singlet compsite fermi sea. Experimentally it is known
(at least for lower odd integer Hall states) that fully po-
larized quantum Hall state always wins. Interestingly, in
our estimate, absence of valley degeneracy reduces the
factor 34 to
1
4 and keeps the spin polarized filled n = 1
state marginally stable.
After the composite fermi sea is formed, the Zeeman
energy creates spin polarization in an otherwise spin sin-
glet composite fermi sea. The spin polarization of the
composite fermi sea is easily estimated to be ≈ gµBB
UCF
.
We estimate that for graphene for a field of 30 T, spin
polarization is less than a few percent.
Very good signatures of composite fermion and fermi
sea effects, in standard quantum Hall systems have been
experimentally studied [28]. It will be very interesting to
perform such studies and look for composite fermi sea in
neutral graphene in strong magnetic fields.
Composite fermions are neutral and they carry cer-
tain dipole moment[29], as a function of their momenta.
The response of the composite fermion fermi surface to
external perturbations such as a local defect will be in-
teresting. We will have a Friedel oscillation in dipole
density.
Further graphene may offer alternate methods to
study composite fermions, because of new access through
ARPES, STM etc, which are not possible in standard
quantum Hall devices.
So far we have been talking about low temperature
normal state. Residual interactions will introduce low
temperature pairing instabilities in graphene either in the
particle-particle or particle-hole channels. The small spin
polarization will interfere with the standard instabilities.
I wish to thank R. Shankar for bringing to my attention
the dissipative character of the n = 0 quantum Hall state
of graphene in strong magnetic field; R. Shankar and
Vinu Lukose for critical comments.
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